Highlights  ER ligands show species differences in binding potencies.  Ligand-receptor interactions are affected by LBP volume and flexibility.  Species specific residues contribute to docking scores for ER ligands.  Combining in vitro and in silico data increases insight into ER responsiveness.
Introduction
J o u r n a l P r e -p r o o f 3 The estrogen receptor (ER) belongs to a group of nuclear receptors that are transcriptionally activated by ligands leading to downstream activation of many cellular processes [1] . ER is involved in the development and function of the female reproductive system [2] , maintaining bone density [3] , regulating lipid and glucose metabolism [4] and in the regulation of the immune system [5] . It is also involved in different diseases such as breast, ovarian and endometrial cancers, osteoporosis, obesity and cardiovascular disorders [6] .
There are two ER subtypes, ER alpha (ERα) and ER beta (ERβ), which are located on two different chromosomes and encoded by two different genes in humans [7] . Structurally, the ER´s are composed of the N-terminal domain, the DNA binding domain, the hinge region and the ligand binding domain (LBD) [8] . The LBD is responsible for the binding of ligands which activate the activation function 2 domain which in turn is responsible for transcriptional activation. It also contains the ligand binding pocket (LBP) which is highly hydrophobic and flexible. It is this flexibility that gives ER´s the ability to bind different endogenous and exogenous compounds [9] . ER´s are activated by endogenous ligands such as estrone (E1), estradiol (E2) and estriol (E3) and have also been shown to bind diverse compounds with varying activity [9] .
ERα and ERβ have been described in fish species such as the zebrafish (Danio rerio) and sea bream (Sparus aurata) [10] . Both zebrafish [11, 12] and sea bream [13] [14] [15] have receptors that are homologous to the human ERα (hERα) [16] . ERβ in these species is divided into ERβ1 and ERβ2 due to duplication of an ancestral ERβ gene in teleosts, giving them three distinct ER´s [12, 14, 15, 17, 18] .
There is an increased concern about the effects of exposure to estrogenic compounds in both humans and wildlife. As species sensitivities to compounds differ the results of ER disruption in J o u r n a l P r e -p r o o f 4 one species cannot be extrapolated to all other species. In support of this, there are several reports showing that ER activation differs between species [19] [20] [21] . Whether this can be explained by physiological differences, environmental adaptation, or other unknown factors remains unclear.
To this extent, we studied the ER´s of the human, zebrafish (freshwater species from rivers in the Southeastern Himalayan region of Asia) and sea bream (Mediterranean ocean species), species that occupy different habitats. The zebrafish that originates from the Ganges River is likely to have an evolutionarily higher exposure to phytoestrogens than the seawater living sea bream.
Thus, it is possible that the zebrafish has adapted to an environment higher in estrogenic compounds than the sea bream and that this can be reflected in lowered ligand resolution of ER´s.
Humans on the other hand are mainly exposed to estrogens via diet and during fetal development these compounds have to pass through the placental barrier. This difference in exposure routes should allow for a higher promiscuity and lower resolution of the ligand-interactions with the receptors.
In the present study, we analyzed whether there are species differences in ligand preferences of the different ER´s. The ligand and species specificity of E1, E2, E3 and the synthetic androgen methyltestosterone (MT) were studied for the human, zebrafish and sea bream ER´s by using in vitro reporter assay methods to study estrogenic activity. In silico modeling was used to compare ER sequence identity between species, study binding potential and visualize the orientation of each ligand inside their respective LBPs. Finally, in silico and in vitro results were combined to elucidate the difference in ligand-specificity of ER´s from the different species.
Materials and methods
J o u r n a l P r e -p r o o f 5
Cell culture, transient transfection and ER activation assay
The human liver epithelial cells, HepG2 (ATCC, USA), were used for the human ER´s whereas the zebrafish liver epithelial cells, ZFL (ATCC, USA) were used for the fish ER´s and this guaranteed that these in vitro studies were conducted in their respective species as we are studying species-specific differences. The HepG2 cells were cultured in EMEM (Gibco, USA) with 10% fetal bovine serum (Invitrogen, USA) at 37°C and 5% CO2. ZFL cells were maintained in ZFL medium (50% L-15, 35% high glucose DMEM, 15% Ham's F-12 (Gibco, USA) supplemented with sodium bicarbonate, HEPES, InTraSel (Gibco, USA), 50 ng/ml EGF (Sigma, USA), 1 mM L-glutamine (Invitrogen, USA), 5% FBS) at 28°C and 3% CO2.
Full length cDNA of estrogen receptor constructs from hERα, human ERβ (hERβ), zebrafish ERα (zfERα), zebrafish ERβ1 (zfERβ1), zebrafish ERβ2 (zfERβ2), sea bream ERα (sbERα), sea bream ERβ1 (sbERβ1) and sea bream ERβ2 (sbERβ2) were cloned into expression vector pCMVTnT (Promega, USA) and used for all transfection studies. Prior to transfection and during exposure the respective cell line's medium was changed to phenol-free medium complemented with charcoal stripped serum. For transfection, 100,000 cells/well were seeded on 24-well plates and transient transfection was performed at 90-95% confluence. Transfection was performed by using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer's protocol with 60 ng Renilla luciferase (pRL, Promega, USA), 270 ng estrogen response element luciferase reporter vector (slp-ERE-Luc, Promega, USA), and 270 ng of the ER expression vectors. To control for background luciferase levels empty pCMVTnT vector (270 ng) was used in place of ER vectors.
At 18 hours post transfection, the medium was replaced with fresh charcoal stripped serum containing E2, E1, E3 or MT (Sigma, USA) at 10 nM. This concentration was selected based on previous studies [12] and had a potency just below maximal activity. After exposure, 24 hours for J o u r n a l P r e -p r o o f 6 HepG2 and 40 hours for ZFL, cells were lysed, and luciferase levels were measured using DualLuciferase reporter assay system (Promega, USA) with a TD 20/20 Luminometer (Turner Designs, USA). Transfection assays were performed for each concentration with 4 replicates and the luciferase value of each assay was normalized to its corresponding Renilla luciferase activity and thereafter normalized against the control. Results were expressed as percentage in comparison with E2.
Sequence alignment, homology modeling and Docking
The uniprot database was used to retrieve the LBD sequences for hERα (P03372), zfERα (P57717), sbERα (Q9PVZ9), hERβ (Q92731), zfERβ1 (Q90WS9), zfERβ2 (Q90WS8), sbERβ1 (Q9W6M2) and sbERβ2 (Q6H9M4). Sequence alignment was performed by using the clustal omega program. These sequences were then aligned in the internal coordinate mechanics (ICM) software for calculation of sequence similarity.
The crystallized structures of hERα (PDB 2YJA) and hERβ (PDB 2J7X) with E2 as a ligand were used as templates for homology modeling of the zebrafish and sea bream ERα and ERβ receptors, respectively. The E2 ligand was moved from the receptors and, hERα and hERβ were converted into an ICM object. The ER sequences were extracted from the crystallized structures and aligned with the sequences from uniprot. These alignments together with the respective crystallized ER structures were used to build the zebrafish and sea bream ERα and ERβ receptors.
Next, the icmPocket finder was used to locate the LBP and calculate the volume of the LBP.
Finally, docking was performed on all ligands and interacting energies were calculated represented by ICM score. ICM score is a sum of hydrogen bond energy, hydrophobic energy, van der waals interaction energy, internal conformational energy of the ligand, desolvation energy of exposed hydrogen bond donors and acceptors and solvation electrostatics energy J o u r n a l P r e -p r o o f 7 change upon binding. ICM scores are reported in -Kcal/mol and were a result of 4 repeated dockings.
Statistical Analysis
Statistical analysis of the activation analysis data was performed using the one-way analysis of variance (ANOVA) test followed by Dunnett post-test for multiple group comparison using the GraphPad Prism 7 software (GraphPad Software). Expression differences were considered significant if the p values were <0.05 and are presented as p<0.05 (*), 0.01 (**) and 0.001(***).
Results and discussion
ER´s are involved in a multitude of cellular processes and are activated by endogenous estrogens, phytoestrogens and various other xenobiotic compounds. The receptors are highly conserved structurally and functionally between humans and fish species [12, 14] . Many fish species have three distinct ER´s as opposed to the two found in humans. The response of these species to different estrogens is dependent upon their biological habitat and the level of exposure to different compounds. The zebrafish is a freshwater river species and at a higher risk of exposure to these compounds when compared to the sea bream which lives in a relatively unexposed ocean environment. As different species respond differently to a compound at a given concentration, the human, zebrafish and sea bream ER´s were used to study the ligand and species-specific effects of the endogenous ligands, E1, E2 and E3 and the synthetic compound MT.
Estrogen receptor in vitro activation assay
J o u r n a l P r e -p r o o f 8 The in vitro activation assays were performed on HepG2 and ZFL cells. HepG2 cells were transfected with hERα and hERβ constructs whereas ZFL cells were transfected with the zfERα, sbERα, zfERβ1, zfERβ2, sbERβ1 and sbERβ2 constructs followed by exposure to concentrations of 10 nM of E1, E2, E3 and MT. The activation of E2 for each species was set at 100% for comparison. The results showed that E1, E3 and MT had a lower activity in the ERα´s when compared with E2. They showed a 17%, 28% and 21% lower induction, respectively in hERα (Fig. 1A) . zfERα had the lowest potency with a 65%, 89% and 91% reduction in activity for E1, E3 and MT, respectively (Fig. 1B ). sbERα had a lower but similar activity for E1 and E3 with 20% and 29% respectively when compared with hERα but a 58% lower activity for MT (Fig.   1C ).
For the hERβ, MT showed higher induction (125%) than E2, whereas E1 and E3 had comparable potencies (92%) (Fig. 2A) . For zfERβ1 (Fig. 2B), zfERβ2 (Fig. 2C) and sbERβ1 (Fig. 2D) E2 was the strongest inducer followed by E1 (40%, 42% and 22% respectively), E3 (25%, 30% and 9% respectively) and MT (7%, 22% and 5% respectively). E1 was equally potent with zfERβ1 and zfERβ2 whereas E3 and MT were less potent in zfERβ1 than in zfERβ2. The sbERβ1 showed the lowest activation by E1, E3 and MT. sbERβ2 showed high inducibility by all four tested compounds with only MT showing a reduction (55%) in potency when compared with E2 (Fig. 2E) . In an in vitro study on ERα´s from nine different fish species with E2 and 12 environmental estrogens, it was shown that ERα from medaka, stickleback, bluegill and guppy were more responsive than ERα from fathead minnow, roach, carp, goldfish and zebrafish [19] .
Comparison between species differences in response showed that E2 and dietylstilbestrol had the highest activity while the response to other environmental estrogens was very weak and differed between the fish ERα´s [19] . Earlier studies on the endocrine disrupting compounds, bisphenol-J o u r n a l P r e -p r o o f 9 A, 4-nonylphenol, and o,p'-DDT also showed that the carp and roach ER´s were less responsive as compared to the medaka, three spined stickleback and zebrafish ER´s and that these fish species also responded differently to these compounds [20] . A study using MDA-MB-231 cells transfected with the zebrafish ER´s exposed to different concentrations of pharmacological antagonists showed that these compounds did not antagonize the zebrafish ER´s as in the human ER´s [22] . Besides species differences in activation potency of ER´s, previous studies on the androgen receptor from human, zebrafish and chicken exposed to the brominated flame retardant TBECH also revealed species differences in activity. When compared to the human androgen receptor, the zebrafish and chicken androgen receptors showed a 50% and 80% reduction in activity after exposure to the TBECH diastereomers [23] [24] [25] . The differences between activity among species to the same compounds clearly shows that extrapolation of results between species cannot be used to generalize the effects mediated by ligands interaction with steroid hormone receptors.
In silico sequence analysis, homology modeling and docking
The studies on ER´s [19] and androgen receptors [25] indicated that differences in the LBD of the different species could be responsible for the differences in observed activity. To this extent, sequence analysis and in silico docking studies were performed. The LBD sequence of ERα and ERβ for the three species was extracted and used for sequence analysis and in silico modeling studies. The number of amino acids involved in the LBD differed between the species where hERα had 241 amino acids and zfERα and sbERα had 290 and 308 amino acids, respectively. For ERβs, hERβ had 238 amino acids whereas zfERβ1 and zfERβ2 had 241 amino acids each. sbERβ1 and sbERβ2 had 240 amino acids each. Sequence alignment analysis revealed that hERα had a 64% similarity when compared with both zfERα and sbERα (Table 1) . Comparison between the zfERα and sbERα showed a 74% sequence similarity (Table 1) . For the ERβ group, hERβ showed a comparable sequence similarity with zfERβ1 (69%), zfERβ2 (68%) sbERβ1 (67%) and sbERβ2 (66%) ( Table 2 ). Interspecies comparison between the two ERβ´s showed similar amino acid identity, 74% between zfERβ1 and zfERβ2 and 75% for sbERβ1 and sbERβ2 (Table 2) . Previous sequence alignment studies using the zfER LBD´s showed that zfERβ1 and zfERβ2 were 70 % and 68% identical with their human homolog which is in agreement with our observed results [26] . Another study also showed a 71% and 72% sequence similarity in the LBD region of zfERβ1 and zfERβ2, respectively when compared to the hERβ [27] . An earlier study concluded that there was only a 55% homology in sequence between the hERα and zfERα LBD as compared to the 64% that we observed [12] . The differences in sequence identity percentages is due to the use of variable length amino acid residues for alignment as can be observed with the utilization of an additional 40 amino acids involved in the activation function 2 transactivation unit in the zfERα [12] .
The homology modeling of the LBDs in zebrafish and sea bream ERα and ERβ receptors were based on the templates of PDB 2YJA (hERα) and PDB 2J7X (hERβ), respectively. After construction of the respective receptors the icmPocket finder was used to locate the LBP´s of the ER´s. Analysis of residues involved in the LBP showed that ERα´s have more amino acids involved in the binding of ligands than ERβ´s. hERα, zfERα and sbERα had exactly 21 amino acids in the LBP (Supplementary Figure S1) whereas the LBP in hERβ and zfERβ2 consisted of 19 residues followed by zfERβ1and sbERβ2 that had 18 residues and sbERβ1 had the least with just 14 residues (Supplementary Figure S2) . Other than differences in the number of residues involved in the LBP there were specific amino acids that were different in ERα and ERβ. The L349 residue in hERα is replaced by a methionine residue, in zfERα and sbERα, M317 and M311 respectively (Supplementary Figure S1) whereas the M336 in hERβ is changed to a leucine residue in the zebrafish and sea bream ERβ´s (Supplementary Figure S2) . In addition, the I373 in hERβ is replaced by L391 in zfERβ2 and F383 in sbERβ1 (Supplementary Figure S2) . Moreover zfERβ2 has an added W353 residue in the LBP but is missing the F395 residue. sbERβ2 is missing the T345 amino acid whereas the least conserved sbERβ1 is lacking the M305, I386, F387, L390 and H485 residues in the binding pocket as compared to the hERβ.
Comparison of the pocket sizes showed that the ERα´s have a bigger pocket than the ERβ´s. For the ERα´s, zfERα had the largest LBP with a volume of 332 Å 3 followed by sbERα (323 Å 3 ) and hERα (310 Å 3 ) (Table 3) . For the ERβ´s, hERβ and sbERβ2 had the largest pocket with a volume of 264 Å 3 followed by zfERβ2 (258 Å 3 ) and zfERβ1 (248 Å 3 ) while sbERβ1 had the smallest pocket with a volume of 186 Å 3 ( Table 3 ). The change of the branched L to the linear M residue in ERα´s has previously been shown to cause a loss of favorable interaction [28] . This change can also increase pocket flexibility and explain the increase in pocket volume in the fish ERα´s when compared with the hERα.
In the ERβ´s two residues, the M336 and I373 in hERβ were identified as important residues for pocket size differences. The M residue has changed to an L residue in all the fish species but the I373 has changed to an L and F residue in zfERβ2 and sbERβ1 respectively, which had an effect in flexibility/size of the pocket and the binding and activity of the ligands. A previous study has shown that the M and I residue combination in hERβ results in higher flexibility and a larger volume than the L and L residue combination in zfERβ2 whereas the L and I combination in zfERβ1 had a lower flexibility and thus a smaller pocket [28] as was the case in the present study.
The exception to this was the sbERβ2 which had the L and I combination but the same size as the hERβ and this could be due to the loss of a T amino acid in the sbERβ2. The sbERβ1 had the L and the bulky F amino acid and thus the smallest volume. Previous studies have shown similar results suggesting that this combination of residues lead to reduced interaction with the receptor [28] . Comparison of hERα and hERβ has showed that hERβ has a more compact LBP [29] and although the M to L residue change in ERβ´s should have granted more flexibility the surrounding residues restrict this movement showing that not only the number of residues involved in the LBP but also that the type of residues determine the size of the pocket.
Docking analysis of E1, E2, E3 and MT were performed to determine interactions between the ligands and the ER´s. The results revealed that in hERα and hERβ, E2 and E3 had similar and highest ICM scores followed by E1 and MT in both receptors (Table 4) . ICM scores in zfERα showed the pattern where E1>E2>E3>MT and in sbERα E1>E2=E3>MT (Table 4 ). The same pattern as in zfERα was also observed for zfERβ1, zfERβ2 and sbERβ2 (Table 4) . sbERβ1 had a different pattern where E3>E2>MT>E1 (Table 4) . In contrast to our results, Costache and coworkers observed that docking in to the zfERα and zfERβ´s resulted in a higher docking score for MT [26] . E2 had a better docking score than E1 in both the zfERα and zfERβ2 whereas in zfERβ1 they had comparable docking scores. [26] In silico docking studies with the medaka ERα, ERβ1 and ERβ2 showed that E1 had the highest docking score followed by E2 and MT. The same study also showed that E2 had a better score than E1 and MT in hERα and hERβ [30] .
These differences could be due to the implementation of different computing softwares as docking programs have different calculation methods for predicting the final docking scores.
The two hydroxyl groups at the opposite ends of E2 form hydrogen bonds with residues inside the LBP and affect the orientation of the ligand inside the LBP [8] . The hydroxyl group at position 3 forms a hydrogen bond with E353 and R394 residues at one end whereas the hydroxyl group at position 17 forms a hydrogen bond with the H524 residue at the other end and these are important in orienting the ligand inside the hERα LBP. E1 and E3 also have the 3-hydroxyl group J o u r n a l P r e -p r o o f 13 but E1 has a carbonyl group at position 17 whereas E3 has two hydroxyl groups at position 16 and 17. The docked structures of the ligands with their receptors were analyzed for hydrogen bonding and then superimposed to observe differences in orientation of the ligands. Hydrogen bonding studies showed that E2 and E3 in hERα and E1 in zfERα formed hydrogen bonds with all the three important amino acids (Fig. 3, Supplementary Figure S3A & B, Supplementary   Table S1 ). In zfERα, E2 formed 4 hydrogen bonds by adding an extra bond with E321 and E3 formed 3 hydrogen bonds with E321 and R362 (Supplementary Figure S3A , Supplementary Table S1 ). For the sbERα, E3 formed 4 hydrogen bonds with L349, R356, G483 and H486
residues while E1 formed a hydrogen bond with only E315 and H486 and E2 with L349 and R356 residue ( Table S1 ). Distance studies showed that each ligand had a specific residue that it needs to be close to in order to achieve a high interacting energy score (Supplementary Table S1 ).
The E residue is important to the E2 ligand while the H residue is important to the E1 and E3 ligands as can be observed from the ICM scores and the farther you get from these residues the lesser the interacting energy.
For the ERβ´s, E2 and E3 formed hydrogen bonds with the E305, R346 and H475 residues in hERβ whereas zfERβ2 and sbERβ2 formed with only the E323/352 and H494/523 residues ( Tables S2, S3 ). sbERβ1 only had a hydrogen bond with L349 when complexed with E1 and E3 but had an additional G483 residue when docked with E3 (Fig. 3A, Supplementary Figure S3B , Supplementary Table S3) . Closer hydrogen bonds
with the E residue resulted in a better ICM score for E2 and E1 whereas closer distance to H resulted in higher interaction energy score for E3.
Orientation of the ligands inside the LBP were studied by superimposing the hERα or hERβ complexes with the ligands with the fish ERα and ERβ corresponding complexes. When comparing the hERα-E2 and hERα-E3 complexes with the fish ERα´s, there is a shift towards the R residue resulting in a loss of hydrogen bond with either the E or H residue (Fig. 3B,   Supplementary Figure S4 ). For E1, there is a movement towards the H residue in the fish complexes but at a cost of longer distances to the R residue (Supplementary Figure S4) . For the ERβ´s, orientation analysis of E1 and E2 showed a tendency where these ligands moved closer to the H residue but farther from the E residue at a cost of losing the hydrogen bond with the R residue in some cases (Supplementary Figure S5) . E3 showed a pattern where it was moving away from the E residue (Fig. 3A) . Overall, these in silico methods have shown that the number and type of amino acids involved in the LBD and LBP affect the pocket size that in turn affects the interaction energy, hydrogen bonding and orientation of the ligands showing that this method can be used to elucidate species-specific differences in response to different compounds.
Combination of in silico and in vitro experiments
Combination of the in vitro and in silico results were performed to further determine the species differences in ER ligand responsiveness. ER is known as a highly promiscuous receptor based on its binding of diverse endogenous ligands as well as various structurally different compounds [9] . species responsiveness to different endogenous and exogenous compounds in ER [28, 31] . To compare in silico ER interaction from computational modeling studies and activation results from in vitro cell experiments, ICM scores were plotted against relative luciferase levels of ERα´s and ERβ´s, where E2 levels were set as 100% and the other hormones as a percent of E2. Both interaction energy scores and relative luciferase levels had a tighter range in the hERα followed by sbERα and zfERα. Interaction energy scores for hERα ranged between 59-104% followed by sbERα with 59-113% and zfERα with 55-114% and this was also the case in the activity where hERα had 80-108% range, sbERα had 48-111% range and zfERα had 13-114% range (Fig. 4 ).
This shows that hERα has a lower resolution in response to ligands suggesting that hERα is more promiscuous than its zebrafish and sea bream counterparts.
For the ERβ receptors, hERβ had a tight range on both the ICM score (59-100%) and relative luciferase levels (92-135%) whereas the fish receptors showed higher variations. zfERβ1 had ICM scores ranging between 58-110% and luciferase levels of 10-117% (Fig. 5 ) and zfERβ2 had an ICM score range of between 55-113% and relative luciferase levels of between 28-108% (Fig.   5 ). An Interaction energy score between -95 and 116% and relative luciferase levels of between 5-115% were observed in sbERβ1 while an interaction energy score between 31-113% and relative luciferase levels between 60-132% were observed for sbERβ2 (Fig. 5 ). This shows that hERβ has a lower ligand resolution than their fish counterparts, thus allowing higher activation of ER. It also shows that sbERβ2 is more promiscuous than the zebrafish ERβ´s. However, sbERβ1
deviates from the other ERβ´s probably due to the small LBP.
In the present study, we show that there are species differences in the interactions between ligands and ER and that these differences indicate that it is not possible to extrapolate results between species. Species differences in ligand-receptor interactions are not limited to the estrogenic systems as we have earlier shown that there are large differences in ligand-receptor interactions among androgen receptors from different species [23] [24] [25] . Furthermore, our results indicate that these differences may be attributed to the habitat and route of exposure, thus giving some clues on how to select indicator species for environmental analysis.
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